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Abstract 
The laser performance of rare earth ion Nd
3+-complex-doped polymer channel waveguides was investigated 
using a continuous-wave excitation at 800 nm. CW laser operation was achieved near 1060.2 nm and 878 nm in 
Nd
3+-complex-doped  polymer  channel  waveguides  with  output  powers  of  up  to  0.98  mW  and  0.20  mW, 
respectively. The stability of the laser output was examined with CW excitation. To the best of our knowledge, 
this is the first report of a rare-earth-ion-doped polymer waveguide laser as well as a CW solid-state polymer 
laser. 
 
I.  Introduction 
Lasers  have  been  reported  in  many  optically 
pumped solid-state waveguides based on dye-doped 
polymers  and  highly  luminescent  semiconducting 
polymers. However, no CW lasing has been achieved 
in polymers due to the nature of the semiconductor 
and  dye  polymer  lasers.  Although  laser  emission 
from  rare-earth-ion-doped  polymer  systems  was 
demonstrated in bulk polymer materials  and a range 
of solid-state waveguide lasers based on a variety of 
Nd
3+-doped dielectric materials have been reported, a 
rare-earth-ion-doped continuous polymer waveguide 
laser has as yet not been demonstrated. 
The  waveguide  laser  has  a  great  application 
potential,  e.g.  for  use  as  a  miniaturized  integrated 
light  source  for  lab-on-chip  applications  involving 
infrared and quantum-dot labeling in life sciences and 
medical  diagnostics,  or  as  a  tool  for  fluorescence 
correlation spectroscopy. Nd
3+ is arguably the most 
important active rare-earth ion for the demonstration 
of laser operation, especially the laser operation of its 
four-level  transition 
4F3/2    4I11/2 at  approximately 
1060  nm,  due  to  the  large  emission  cross-section 
resulting in a very low laser threshold. 
In  this  Paper,  CW  laser  operation  of  Nd
3+-
complex-doped  6-FDA/UVR  channel  waveguides 
near 880 nm and 1060 nm will be reported. To the 
best  of  our  knowledge,  this  work  represents 
simultaneously  the  first  demonstration  of  a  rare-
earth-ion-doped polymer waveguide laser and a CW 
solid-state polymer laser. 
 
II.  Laser Experiment 
Laser  performance  was  investigated  in  Nd
3+  -
complex-doped polymer channel  waveguide for the 
optimal  Nd  concentration  of  1.03x  10  cm" 
determined  from  gain  measurement  in  previous 
Chapter. Laser tests of the Nd
3+ -doped 6-FDA/UVR 
channel waveguides around 880 and 1060 nm were 
performed  at  room  temperature  by  longitudinally 
pumping at 800 nm with a CW Ti:Sapphire laser (See 
Fig 1.1). 
 The laser cavity was formed by attaching lightweight 
thin dielectric mirrors to the polished end-faces of the 
waveguide  using  the  surface  tension  of  a  small 
amount of fluorinated liquid (Fluorinert, FC-70) for 
adhesion.  The  mirrors  used  for  in  coupling  were 
high-reflective (R = 99.8%) at the lasing wavelength 
and  had  a  transmission  of  94%  at  the  pump 
wavelength. A mirror with high reflectivity and a set 
of  mirrors  with  different  reflectivity’s  at  the  laser 
wavelengths  of  880nm  and  1060  nm,  respectively, 
were  used  as  output  couplers.  The  microscope 
objectives  used  for  in-  and  out  coupling  had  a 
magnification of ×4 and ×l0, respectively. The pump 
laser beam was expanded using a telescope consisting 
of two spherical lenses with focal lengths of f = -40 
and 200 mm, respectively, in order to fill the aperture 
of  the  in  coupling  objective.  The  out  coupled 
waveguide mode, after passing through a RG1000 or 
RG850  filter  (for  1060-nm  or  878-nm  lasing, 
respectively) to block the residual transmitted pump 
light,  was  directed  onto  a  power  meter  or  a 
spectrometer  as  required.  The  coupling  efficiency 
was  optimized  by  adjusting  the  position  of  the 
waveguide  and  tuning  the  pump  laser  to  find  the 
lowest threshold power at the onset of lasing or by 
imaging the laser mode on a CCD camera. 
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Fig 1.1 Laser Experiment using Butt-Coupled Mirror 
 
III. Laser Results 
Laser  oscillation  was  obtained  for  all  the 
channels investigated at a wavelength near 1060 nm, 
which  corresponds  to  the  most  intense  peak  of  the 
waveguide  luminescence  spectrum.  For  a  16-mm-
long cavity formed by two high reflective mirrors a 
laser threshold of 84 mW absorbed pump power was 
obtained.  Figure  1.2(a)  shows  damped  relaxation 
oscillations  obtained  via  modulation  of  the  pump 
laser at an absorbed pump power of 100 mW. 
 
 
 
Fig. 1.2. Characterization of laser emission from a Nd
3+-doped 6-FDA/UVR channel waveguide at an absorbed 
pump power of 100 mW corresponding to a pump rate r = 1.2: (a) relaxation oscillations and (b) typical laser 
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Figure  1.2(b)  shows  a  laser  spectrum  obtained 
for  an  absorbed  pump  power  just  above  the  laser 
threshold. The separation of the peaks observed in the 
spectrum, which correspond to the longitudinal cavity 
modes, can be calculated for the cavity length l = 16 
mm using the equation. 
△ 𝜆
𝜆2
2 .  𝐼 .  ? .                                 (1.1) 
 
The  calculated  peak  separation  is  0.023  nm, 
which fits well with the value of 0.025 nm observed 
from the measured laser spectrum. 
By  replacing  the  high  reflectivity  out  coupling 
mirror with one having a transmission of 2% at the 
lasing  wavelength  the  threshold  value  increased  to 
101 mW. Figure 1.3 shows the laser output power as 
a function of absorbed pump power. The maximum 
output power was 440 uW at 1060 nm for 148 mW of 
absorbed  pump  power  and  a  slope  efficiency  n  of 
0.95%  with  respect  to  absorbed  pump  power  was 
derived. 
 
Fig. 1.3. Laser output power in a 16-mm-long Nd
3+-complex-doped 6-FDA/UVR channel waveguide as a 
function of absorbed pump power for the four-level transition at 1060.2 nm 
 
The laser performance at 1060 nm was further 
studied  in  a  shorter  channel  waveguide  sample  of 
length of 7.5 mm, using successively a set of four out 
coupling mirrors with transmission values of 1.8%, 
3%, 4%, and 5% at the laser wavelength. Figure 1.4 
shows the laser spectrum at high pump power. The 
output versus input power characteristics obtained for 
each of them is shown in Fig. 1.5. The highest slope 
efficiency  n  of  2.15%  and  the  maximum  output 
power of 0.98 mW for 129 mW of absorbed power 
were  obtained  using  a  5%  out  coupling  mirror. 
Lasing could not be achieved using the out coupling 
mirror with the next highest transmission available (T 
=  10%),  as  the  pump  intensities  required  were 
destructive for the channels. 
 
 
Fig. 1.4. Typical laser emission spectrum at 1060.2 nm in a 7.5-mm-long Nd
3+-complex-doped 6-FDA/UVR 
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Fig.1.5. Laser output power in a 7.5-mm-long Nd
3+-complex-doped 6-FDA/UVR channel waveguide as a 
function of absorbed pump power for the four-level transition at 1060.2 nm using a set of out coupling mirrors. 
 
A result that exceeded our expectations was the 
laser  operation  on  the  quasi-three-level  transition 
near 878 nm. Re-absorption losses combined with the 
relatively  low  stimulated-emission  cross  section  at 
this wavelength (𝜎e ~ 1.2x10
-20 cm
2  as compared to 
σe  ~  4.4x10
-20  cm
2  for  the  dominant  four-level 
transition),  require  high  pump  powers,  which 
however  counter-poses  the  need  to  maintain  the 
pump  power  at  a  low  level  to  avoid  detrimental 
effects  on  laser  performance  induced  by  thermal 
degradation of the material. Using two HR mirrors as 
input and output couplers lasing was observed at an 
absorbed pump power threshold of 67 mW (Fig. 1.6). 
Figure  1.7  shows  the  laser  output  as  a  function  of 
absorbed pump power for 2.2% out coupling, which 
yields  a  slope  efficiency  of  0.35%  and  a  laser 
threshold of 74.5 mW. 
 
Fig. 1.6. Typical laser emission spectrum at 878 nm in a 7.5-mm-long Nd
3+-complex-doped 6-FDA/UVR 
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Fig.1.7. Laser output power in a 7.5-mm-long Nd
3+-complex-doped 6-FDA/UVR channel waveguide as a 
function of absorbed pump power for the three-level transition at 878 nm. 
 
An  upper  limit  for  the  propagation  loss  in  the 
waveguide  at  1060  nm  was  obtained  using  the 
Findlay-Clay method. The latter is applicable to four-
level laser systems showing negligible depopulation 
of  the  ground  state,  for  which  the  absorbed  power 
threshold Pth is dependent on the out coupling level 
and is given by 
Pth = K .[(2 .a .I − In  R1 R2 ] ,                       (1.2) 
where a is the propagation loss coefficient in cm
-1, R1 
and R2 are the intensity reflectivities of the in- and 
out-coupling  mirrors,  respectively,  and  K  is  a 
constant dependent on the mode sizes of the laser and 
pump  beams  and  material  properties  of  the  gain 
medium. By inserting in Eq. 1.2 the values for  Pth 
obtained  for  each  of  the  out-coupling  mirrors  used 
and then plotting Pth / 2-/ as a function of -lη(R1-R2) / 
2-/, a straight line is obtained (Fig. 1.8). Its intercept 
with the abscissa yields a value of 0.032 cm
-1 for a. 
By assuming that it is only due to propagation loss in 
the waveguide (in reality it also accounts for losses 
due to imperfections in the attachment of the cavity 
mirrors), it corresponds to an upper propagation loss 
value  of  0.14  dB/cm.  While  the  uncertainty  in  the 
derivation of loss is rather high as a result of the low 
out  coupling  used,  the  value  derived  is  in  good 
agreement with the propagation loss measured using 
the cut-back method (0.1 dB/cm). 
 
Fig. 1.8. Plot of Pth/2 / as a function of -lη(R1-R2)/2-/. The intercept with the abscissa provides the propagation 
attenuation coefficient a. 
 
To  study  the  consistency  of  the  laser 
performance  with  the  propagation  loss  derived,  an 
estimate of the slope efficiency 𝜂 was made using a 
model,  which  describes  the  effects  of  transverse 
mode profiles on n in longitudinally pumped lasers 
[132].  According  to  this  theory  n  is  given  by  the 
expression 
𝜂 =  
1
1
  .   
–𝐼𝜂 𝑅2 
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where   l   and   P  are  the  laser  and  pump 
wavelengths, 𝜂q is the pump quantum efficiency, and 
η0 is the effective overlap of the pump with the laser 
mode in the waveguide.  
An important aspect of the operation of optically 
pumped  polymer  lasers  is  their  lifetime  stability, 
which  can  be  adversely  affected  by  material 
degradation  or  even  damage  induced  by  the 
temperature  increase  in  the  active  medium  during 
pumping. The onset of such effects also determines 
the thermal limit for power scaling in polymer lasers. 
To  date,  the  maximum  reported  values  of  lifetime 
stability  of  organic  semiconductor  and  dye-doped 
lasers operating in the pulsed regime range from 10
6 
to 10
7 pulses and from 10
5 to 10
6 pulses, respectively. 
The output stability of our polymer waveguide lasers 
was studied as a function of operation time for three 
different absorbed pump power settings. In Fig. 1.9, 
it is shown conclusively that for 100 mW of absorbed 
pump power the active  medium exhibits a level of 
thermal  stability  that  is  appropriate  for  long-term 
operation  of  at  least  2  hours  without  any  signs  of 
deterioration  of  the  laser  performance.  Stable  CW 
lasing behavior is observed up to an absorbed pump 
power of 130 mW.  
Fig. 1.9. Laser output power as a function of 
operation time for different absorbed pump power 
regimes for a period of (a) 1 minute and (b) 2 hours. 
IV. Conclusoin 
CW  laser  oscillation  near  1060.2  nm  was 
demonstrated  in  Nd
3+  -complex-doped  polymer 
channel waveguides with output powers of up to 0.98 
mW,  for pump powers low  enough to allow  stable 
laser  emission  for  at  least  2  hours.Moreover,  laser 
operation with output power up to 0.20 mW was also 
achieved  on  the  quasi-three-level  transition  near 
878.0 nm. 
To  the  best  of  our  knowledge,  this  is  the  first 
report of a rare-earth-ion-doped polymer waveguide 
laser as well as a CW solid-state polymer laser. 
The miniature laser developed here is useful as 
an  integrated  light  source  for  lab-on-a-chip 
applications involving infrared dye and quantum-dot 
labeling,  or  as  a  tool  for  fluorescence  correlation 
spectroscopy. 
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